RAPID COMMUNICATIONS

PHYSICAL REVIEW B

VOLUME 31, NUMBER 6

15 MARCH 1985

Unoccupied surface resonance on Cu(100) and the effect of vacuum-level pinning
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We have identified a new unoccupied surface resonance approximately 1.15 eV above the Fermi level on
Cu(001) with the use of inverse photoemission. The resonance has to be separated from a nearby intense
peak due to a bulk direct transition. This has been done in two ways: (1) varying the photon energy,
which causes a shift in the bulk peak, and (2) varying the work function, which causes a shift in the reso-
nance. The occurrence of the resonance is consistent with a recently proposed phase analysis.

Occupied surface localized states both inside and outside
bulk band gaps (known, respectively, as surface states and
surface resonances) have been identified on many surfaces
using angle-resolved photoemission. More recently, &
resolved inverse photoelectron spectroscopy (KRIPES) has
been used to show that not only unoccupied surface states
can be detected within bulk band gaps, but also states
derived from the image potential experienced by an electron
near the surface.!” These latter states lie outside the sur-
face and are far less localized due to the long-range nature
of the image potential. Recently, Hulbert er al.® have
shown that a simple picture of multiple reflection between
the image potential barrier and the barrier of the crystal gap
may be used to determine the conditions for bound states at
the surface.®’ Furthermore, this model was found to ac-
count successfully for the energy location of the unoccupied
image potential states on Cu(111) and Cu(100) and of the
occupied surface state on Cu(111). Here, we show that an
unoccupied surface resonance, predicted to occur on
Cu(100) by this same model,’ is indeed observed, and that
the dependence of its energy location on the work function
can also be accounted for.

Figure 1 reproduces the theoretical results of Hulbert
et al. as applied to Cu(100). The electron at the surface
suffers a phase change of ¢z on reflection at the image po-
tential barrier and a phase change of ¢¢ on reflection at the
crystal surface. Bound or surface states are determined by
the condition’

O=¢ct+op=2mn n=0,1,2.... a)

In particular, for a total phase shift of zero, the bound state
is known to be a surface state or surface resonance, while a
phase shift of 27 corresponds to the first state in a Rydberg
series of image potential states. Figure 1 shows that the en-
ergy at which the total phase is zero falls below the bottom
of the bulk band gap at X,, and so indicates that the local-
ized state should be a surface resonance. The observation
of this state has not previously been reported but the fact
that it lies within a bulk band means the identification is
less simple than for a gap state. Moreover, most KRIPES
studies have so far been performed at the fixed photon en-
ergy of 9.7 eV. At this energy and normal incidence a
strong direct transition is seen to a bulk band state some 0.4
eV above the Fermi level, complicating the identification of
the surface resonance at about 1.2 eV above the Fermi lev-
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el. Nevertheless, with hindsight, some evidence for this
feature is seen in early data as a marked asymmetry of the
peak attributed to the direct transition.?

Using a new type of photon detector, based on the
chromatic aberation properties of a LiF lens, KRIPES data
in the isochromat mode can be collected at different photon
energies in the range 8-11.7 eV.? Figure 2 shows normal
incidence spectra collected at three different photon energies
from a clean Cu(100) surface. As the photon energy in-
creases, the main peak due to the bulk band direct transi-
tion shifts towards the Fermi level in keeping with the
known dispersion of the initial- and final-state bands;
indeed, at the highest photon energy (11.0 eV) the direct
transition is actually forbidden and the peak seen at Er is a
reflection of the limited momentum resolution in the
present experiment. Through this photon energy range the
weak asymmetry seen in the lowest photon energy data
emerges as a distinct shoulder. Using a fitting routine
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FiG. 1. Energy dependence of the phases ¢, ¢p, and the total
phase ¢ +¢ g which appear in the multiple reflection theory of sur-
face states for Cu(100). The filled circle (IS) indicates the observed
binding energy of the n =1 image potential state. SR indicates the
energy of-the crystal-induced surface resonance required by the
model.
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FIG. 2. Normal incidence kresolved inverse photoemission spec-
tra taken on Cu(100) as a function of the energy of photon detec-
tion.

which empioys superposition of Lorentzian distributions for
the bulk transition and surface resonance convoluted with a
Fermi function we are able to establish that the resonance is
approximately 1,15 eV above the Fermi level, close to the
1.2-eV value predicted by the model.

Figure 3 shows the result on the normal incidence
KRIPES spectra of exposing the ciean copper surface to ox-
ygen at room temperature. Under these conditions it is
known that as the oxygen coverage increases, the work
function increases by a maximum amount of =300 meV at
a coverage of about 0.5 monolayers and then subsequently
decreases. At room temperature this maximum work func-
tion change occurs at =150-200 L (1 L=1 Langmuir
=10-% Torrsec) exposure.! However, no ordered over-
layer structure is found under these conditions although
with considerably greater exposures (==1000 L) a poor
c(2x2) LEED pattern is seen. Figure 3 shows that the in-
tensity of the direct transitions falls rapidly as oxygen is ad-
sorbed; the same effect is seen in photoemission for the sp
band direct transition!! and can probably be attributed to
loss of k), conservation on the disordered surface for this
strongly dispersing feature. Figure 3 also shows that while
the image potential state ( =3.8 eV above Er) is strongly
quenched by oxygen adsorption, the surface resonance
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FIG. 3. Normal incidence k-resolved inverse photoemission spec-
tra taken on Cu(100) following the indicated exposures of oxygen.
The corresponding measured work function changes in these spectra
are (a) A¢p=0, (b) Ap=140 mV, () A¢$p=330.5 mV, and (d)
A¢ =305 mV. The position of the n =0 condition in formula (1) is
indicated by markers for the different work functions. E, indicates
the vacuum level on the clean surface.

feature moves to higher energy before itself becoming
quenched. This observation that the feature is eventually
quenched on increased oxygen adsorption rules out the pos-
sibility that at low coverages we are merely observing some
antibonding level derived from the oxygen. The work func-
tion changes were measured using a retarding potential
method and good agreement was found between the present
experiment and the previously published work function
changes of Hoffman, Unwin, Wyrobisch, and Bradshaw.!?
The markers on Fig. 3 show the predicted position of the
surface resonance on the clean surface, and the position on
the oxygen-exposed surface if this feature tracks the vacu-
um level and therefore shifts by amounts equal to the work
function change. This behavior is exactly that to be expect-
ed from the model of Hulbert et al,’ as may be seen in Fig.
1. For a surface resonance there is no contribution to the
total phase shift from ¢, so as the vacuum level is raised
the full phase shift function (¢p only) shifts at exactly the
same rate. The data of Fig. 3 therefore appear to provide
further evidence for this simple model for all types of sur-
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face state. One interesting feature of the data-is that it ap-
pears that the image potential state is far more readily
suppressed by the adsorption of oxygen than the surface
resonance. The fact that the image potential state on this
surface does appear to be reasonably clearly resolved with a
¢(2x2) overlay of chlorine,?> however, suggests that it may
be due to the sensitivity of the image potential state to sur-
face order. For that system the image potential state was
also observed to track, at least approximately, the vacuum
level. This is broadly compatible with the model illustrated
in Fig. 1. Although the image potential state corresponds to
the total phase ¢p+¢dc =2, and a change of vacuum level
shifts only the ¢z component, the weak energy dependence
of ¢p+ ¢ at values close to 27+ means that the deviation of
image potential state movement relative to the work func-

tion change will be small.

In conclusion, we have shown not only that predictions of
the simple model of Hulbert et al.® [that an unoccupied sur-
face resonance occurs on Cu(100)] is correct, but that this
model is also able to account for the pinning of this state in
energy relative to the vacuum level. Indeed these experi-
ments suggest that surface states of the Shockley type will in
general be related to the vacuum level via the image poten-
tial, a result that was suggested by Shockley in his original
paper.!?
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